Abstract-In this work, the application of Complementary Split Rings Resonators (CSRRs) to the design of a rat-race hybrid in microstrip technology is analyzed. The use of a left-handed (LH) cell composed by a CSRR etched in the ground plane and series capacitive gap reduces the length of the required 270
INTRODUCTION
Complementary split rings resonators (CSRRs) have been recently reported by some of the authors [1] as key particles for the synthesis of negative permittivity metamaterial microstrip lines. Combined with series capacitive gaps, CSRRs have been also used for the design of narrow bandpass structures with backward (or left-handed -LH) wave propagation in the allowed band [2] , or other microwave devices such as power dividers [3] , impedance inverters, or backward couplers [4] . In this work, a left-handed cell based on CSRRs is applied to the design of a microwave hybrid coupler in "rat-race" configuration, implemented by using a fully planar fabrication process, i.e., without any external lumped component. Taking advantage of the propagation characteristics of this type of structures, important size reduction will result. This same principle has been previously applied by using the dual (or composite right/left handed) approach (non resonant) for the design of this type of devices [5] . In that case, however, external lumped elements where necessary to achieve the desired behavior.
DEVICE DESIGN AND RESULTS
The device consists on square-shaped combination of three (right-handed) conventional lines with −90 • phase shift, and one CSRR-based metamaterial cell that exhibits a positive phase shift of +90 • (the characteristic impedance of all the lines is 70.71 Ω). The metamaterial cell presents the same response (in the frequency of operation) than a −270 • , but with an important size reduction as compared to the distributed approach. This cell is composed by a CSRR etched in the ground plane of a microstrip line combined with a series capacitive gap. The layout of this cell can be seen in Fig. 1(a) , where the bottom layer of the cell is depicted in grey color and the top layer is depicted in black. The electrical model of this cell appears in Fig. 1 (b) [6] . The series gap is modeled by the capacitance C g , while the CSRR is described by the parallel resonant tank (with inductance L c and capacitance C c ), which is electrically coupled to the host line through the capacitance C; the line inductance is modeled by L. In order to design the metamaterial cell, we must force +90 • phase shift (positive instead of, negative due to the LH nature of the cell) and 70.71 Ω characteristic impedance, at the operating frequency of the device. This can be achieved by using the following expressions:
where Z B , βl, Z s and Z p are the characteristic impedance, the electrical length, the series and shunt impedance of the T circuit model of the LH the cell. These two conditions are not enough to completely determine all the elements of the electrical model of Fig. 1(b) (in fact we need three additional conditions, but taking into account that Z s is dominated by C g the contribution of The upper metallization is depicted in black, whereas the bottom slot regions are depicted in grey. L has not been considered). We can also force the limits of the frequency band where the LH wave propagation is possible by using the procedure shown in [7] . In this device we have set the operation frequency to 4.8 GHz, with a LH band comprised between 4.6 GHz and 5.1 GHz. With this information, we have obtained the element values of the electrical model of the cell. From these values we have obtained final layout dimensions of the cell by using the expressions that appears in [6] as a first approximation, and by using the extraction parameter method presented in [8] . The final layout of the device is depicted in Fig. 2(a) , together with the layout of a conventional rat-race hybrid, whereas Fig. 2(b) shows a size comparison between the +90 • LH cell and the conventional TL with an electrical length of −270 • . It can be seen a significant reduction of the physical length of the metamaterial cell as compared with the conventional line. This induces an important size reduction in the final prototype, as compared to the distributed approach. The frequency response of the final prototype appears in Fig. 3(a) , where it can be seen the expected coupling in the frequency of interest. The resulting bandwidth is smaller than those achievable with conventional rat-race hybrids, due to the characteristics of the cell used. This narrow band behavior is expected to be improved by using other types of cells based on CSRRs, which are able to produce extremely wide bandwidths [9] . Nevertheless the proposed device is small, fully planar and can be of interest for narrowband applications.
CONCLUSION
In this work, the application of a left-handed CSRR-based cell to the design of a microwave hybrid has been analyzed. The device is composed of three sections of conventional transmission lines, and one section formed by a left-handed cell. The propagation characteristics of the left-handed cell allows for a significant size reduction as compared to the conventional distributed design. As a difference between other solutions based on metamaterials, this hybrid has been implemented without any external lumped component. The measured results exhibit satisfactory behavior for narrowband applications.
